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Experimental situation



The LHC Situation

About 140 fb'! have been

collected at Vs = 13 TeV X Production cross sections = Large data samples
in Run 2 (2015-18)

Standard Model Total Production Cross Section Measurements JLdt
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Future Circular™ e*e Collider

During a 15 year’s running period, FCC-ee will deliver

* FCC-ee, if constructed, will have an enormous
instantaneous luminosity.
e Atthe Z pole, 10°times higher than LEP.
* Luminosity falls off with Vs due to synchrotron radiation

Z WW ZH ft
+ L 2T T |

2(912GeV): 46 10" cms ° FCC-ee (Baseline, 2 IPs)

. \ *  LEP3 (Baseline, 4 IPs)
, \ . ILC (Baseline)
10 A CLIC (Baseline)

v CEPC (Baseline, 2 IPs)

10

Luminosity [10* cm2s™]

¢ SN m*s
R (365 GeV) : 3.1 « 10™ cme

HZ (250 GeV) : 1.5« 10" ey’ @

1

10° 10°
\s [GeV]

FCC Integraded Programme:

The Z statistics exceed that of HL-LHC by more than x10.

5x10'2 etfe” — Z
108 ete~ — WHW-
10% ete- — HZ
10° ete™ — tt

Statistics less than LHC for Higgs (x1/100) & top (x1/10)

Experimental conditions will be very clean @ strong
kinematic constraints are imposable.
* Even with less events, senitivities may be better.

e Stage 1: Very high luminosity e*e collider Z, WW, HZ, tt factory  Z bosons 8 x 109 1.7 x 101 5 X 10%2
* Stage 2: 100 TeV proton-proton collider Higgs bosons 7% 105 16%108 19 x 106
: : : : 8 9 8
”* | will here touch mainly on circular e*e-colliders due to top quarks 2.2 %10 5%10 2%10
their superiour event statistics compared to linear colliders
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Z— ey @ LHC

Q|

q e
Easy signature:

* Look for bump in ep
mass distribution

3000

- Vs=13 TeV, 139 fb’ i}
| Post-Fit |
e Data
2~
[ Non-resonant
Bl Z- upn
Uncertainty

— Signal (hypothetical)
at limit x 20

BOT threshold

Events / 0.04

..................
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o.ep g
0.6F ) E

-1 -0.5 0 0.5
BDT value

Data / Bkg

ATLAS Analysis from full Run-2 dataset [1]

Event selection:
* Oppositely charged ep pair with mass in >

window 70 < m, < 110 GeV %
* Machine learning BDT trained on <
leading jet py, E{™S, and p* T

= Signal acceptance x efficiency: 10.3%

Backgrounds:

Lo 7 — 1t — ep+dv, where all vs are soft =
L* Non-resonant (di-boson, top quark %
single or pair, W = £v) e
_

,* Z — uM, with one p misidentified as e
(hard brems in ECAL) /

Result:
From fit to me, distribution of 7.9 x 10° Z
decays, set 95% CL branching fraction limit

B(Z = ep) < 2.62 x 107

T T T T T T T T

2000E A1LAS
1800L" (s 13 Tev, 139 15" © Data
160055 & Total Background
. ‘ ...... 211
1400(: :0:’ -+~ Non-resonant
1200:_ "",.'. Z-upn
= - Signal (hypothetical)
1 OOOE . .b at limitx 20
800 N
600} '
400
200}
jof
5 RERANREN:
ot MR ++++
0.8 + +
0.7 . .
70 75 80 85 90 95 100 105 110
me, [GeV]

HL-LHC projection:
e x20 data from HL-LHC: ~5 x 10-8
e Contribution from CMS(?)
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Z — ey @ e*e colliders: LEP & FCC-ee

- Extremely clean signature:

" 7
€ p * Beam energy electron recoiling
against beam energy muon
+ OPAL@LEP: Background free search
e e
from 4 x 10°Z decays
B(Z — ep) <17 x 107
FCC-ee

* 5-6 orders increased Z statistics w.r.t LEP

* Modern detectors: Momentum resolution improved
by more than one order w.r.t. LEP: O(103) at 45.6 GeV

* Inv. mass, me, constrained to 107 level from low
beam energy spread

= Signal will stand as a 2D “delta function” on top of the
falling background tail from Z — tt — eu + neutrinos.
Only for more than 101! Z decays will Z — tt background
start to appear.

Main experimental challenge believed to be: Z = pu with
hard bremsstrahlung of pin ECAL material = p fakes e

From NA62 measurements: Expect this background to
appear at B = 1028 level.

Situation can be controlled by

* Longitudinal ECAL segmentation (shower shape)

* Independent means of e/u separation: dE/dx (dN/dx)

Without (with) dE/dx, may reach B level of 10 (1019) [3]
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Z > et, ut @ LHC (i)

et/u*
i /U

Signal and backgrounds not well separated:
= Exploit all possible available event information
= Machine Learning — Neural Network - NN

Thad-vis Thad-vi
T T
Z Sz

backgrounds

S
$ 190~ ATLAS Z—rr

Semutason Preémirary Pretmnary
=13 TeV

S
; S O ATLAS Events with jet—-r,__

fanes

e mT(u;EtmiSS)

ATLAS Analysis from full Run-2 dataset [4,5]

Mass of £t system from collinear approximation:
- Assume that neutrino direction is parallel to visible
tau decay products direction

- In transverse plane, project missing momentum
vector onto tau direction = neutrino momentum

o PSS

S S
pr_ViS T T™Vis v

Pe

Event selection strategy:
Oppositely.charged £ and t
m+(£,EMss) < 35 GeV.& m(¥,T) > 60 GeV
Cut on combined NN output based on
- NN1 from low level variables (e.g. momentum
components)
- NN2 from high level variables (e.g. m,(#T1))
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Z—et, ut @ LHC (ii

ATLAS Analysis from full Run-2 dataset [4,5]

Examples of combined NN distributions Combined analysis (two separate papers) exploiting as
well hadronic, 1, as leptonic, T, tau decays

8% aras o Data 18 Famias T e | Results: 95% CL limits
~ 16000, s =13 TeV, 139 fb" -’;L‘:w-'a'“’s 18 3500F- 13TV, 130 85" Fake lepton
2} - 1 Z—ll 1 = [ Mz
c 14000» SR, er 1P " Others 1 ,g. 3000} Low-p_ SR, er mz-
L% 12000r N ;ﬁu{? ns?";g “) -2 : ! ’ g?&i;:m 6 6
- @ 2500 Higgs : B(Z > et)<5.0x10% & B(Z— ur)<6.5%x10
,0000» " evs. 1 -prong T, e- Zer (B=3x109) |
[ . 1 p
L e e ]
aoooj K A E
. <4 . . .
6000 e e, Notice: x20 weaker limit than for ep search
. . . o
.

01 02 03 04 05 06 07 08 09
Combined NN output

11 | N N -
.§_ 1'05:: Beslms-qw(n ~1x107) . . j: .§.111§g;
-~ 10—‘—'0'“"‘0—,—.—‘0“‘-0—"‘“—0“—‘:1 = YT . .
S o5, "3 9087;?W° Sheet st sevssts HL-LHC projection:
O QQbitiiii - vt FT VTPV VOO TOP PO 3 . : ~10-6
Q075 ol plamplis sl i e x20 data from HL-LHC: Possibly reach ~10

Combined NN output * Contributions from CMS(?)
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Z = eT, ut @ e*e colliders: LEP & FCC-ee

W Search method at e*e colliders: At FCC-ee, conditions much much more favourable
* Identify clear tau decay in one e 5-6 orders higher statistics
hemisphere e Better momentum resolutiuon by factor O(10)
T'/. * Look for “beam-energy” lepton g 40 S R
(£ = e or u) in other hemisphere S| bekg: Z — v, with © — Ivy
T a//, ‘§ %0 3 signal: Z - <1 [3]
L v‘ 25
Tt C
20

For illustration, signal
at B(Z — ¢1) =10
injected

Limitation: How to define “beam-energy” lepton b3

* Unavoidable background from t - fvv / with two (very)
soft neutrinos
* Background level depends on momentum resolution

10 |

Notice:

§eoo = DELPHI a) * Very different horizontal axis: much bgttgr rgsolution
= Qsoo ;_‘ -9 ole- Ut * Only uppermost 1% of momentum distribution shown!
% 5” %wo - o o Lo . Beam momentum p * \Very different vertical scales: Statistics!
% S N300 F L /
ST Sk Topw | Tele Strong development in sensitivities:
% N - le.
5 oo | "'Lﬁm | LEP (1995) HL-LHC (2035) FCC-ee (20507?)

ST T T 0T S TN TN SN TR TR S SO0 Y SR 1 O UUPIES St MY TN P )
6] %3 04 05 06 07 08 09 pl/E 1.2 B(Z — 1) < 10> B(Z — #1) < 10° B(Z — #1) S 10°
beom
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Heavy resonances (e.g. Z') — ey,

CMS Analysis from full Run-2 dataset [7]

qd V' Qu v
SUSY ) QBH ,
| qu 4
/ ~ b
A1 i, Aisk QBH
NN NN NN
qd { Gu { Qu /
No excess observed
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Exclude 2’ (B =0.1) below: 5.0 TeV 4.1 TeV
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Higgs Decays



H— ut,et @ LHC

CMS Analysis from full Run-2 dataset [8]

Search.divided into 4 categories: Each of the 4 categories further sub- No excess over SM expectation
HTh, UTe, €Th, €T, divided into 4: observed. Results from maximum
0 jet, 1 jet, 2 jets gg-fusion, 2 jets VBF  likelihood fit to BDT distributions.
Shown here: collinear mass for pty, For each, construct BDT discriminant o
o 137 b (13 TeV) B M./ Observed upper limits (95% CL):
02E-CMS -+ Observed [ ]Zotr 4+ Observed [ ]2 ]
0 18—91 S B Zoeelun [t tejets ut, 2jets VBF MllZ—ee/up  [Mtht+jets B(H — ut) <15 x 104
0.16 e Wz ., HDboson HSVWIV:ZQCD =[s,:|’c:°n
. E W+jets/QCD SM H : +e -
80k e Mowe (au0%) ) Bk, unc 5 — H e (3L20%) Bk, une. B(H — et) < 22 x 10
S o01F o ,
3 0.08 - = Upper limits on Yukawa couplings:
833 E: CMS 137 b (13 TeV)
0.02f
0 16— . . . . 107
g 14} -
w 1.2~+— b ~
o 1 e e ST o o - 2
| 8 08k + —i—_ 10
. 0.6 . —3 1228 %
200 300 -0.6 -0.4 —02 . 0 .
.o (GEV) BDT discriminant 10° § ‘%
o Jet = v, fakes: BDT discriminant based on multiple ~
Derived from data QCD and W+jets . . 10 E
with data-driven Data-driven variables: 3
corrections Z— ee/pp: '4 T-vis miss miss
e/u min-ID as T, Pt P » Meols PT ’ mT(tl Pr )I"‘ 10
Peaking close to signal 10° 10 107 107 10"
From simulation |Ym|
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H— ey, ut, et @ future e*e colliders

Use Higgs production mode: e*e = HZ @ 240 (250) GeV

Statistics:
* ~ 1M events at CEPC/FCC-ee (3 years)
e ~0.5MeventsatILC (15 years)

Exploit dominant (70%) Z decay mode Z — qq
* Loose requirement on di-jet mass

H—en
* Ask mg, to be within window around my
* Detection efficiency: 41%

H — et, ut
* Use again only ep signature: et (UT) — epvv
* Punished by B(t — fvv) =~ 18%
* Reconstruct T mass from € and p™ss; if consistent
with m,, reconstruct t momentum from same
* Ask m., to be within window around my
* Detection effeciency: 5%

In general no (few) background events within signal
windows

Results 9]

vvvvvvvvvvvvvvvvvvvvvvvvv

0.010 } LHG ©
mILC S
WCEPC(FCC-ee) goa
0.001 }

10-4 s

10—5 !

\

* Difference between ep and Tt modes due to
different detection efficiencies

* Probably potential for improvements from
refined analyses including combined

discriminating variables.

* However, strongly statistics limited
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Future of H = ey, T, et

H— ep

Future sensitivities — LHC and e*e-colliders

ATLAS Analysis from full Run-2 dataset [10]

0.010 ©
> 700 T T T T T T T T O.SMHZevents .LHC 3 —
S ATLAS Vs =13 TeV, 139 b t HILC by Q
o S00F 4 Date B CEPC(FCC-ee) &N
‘E 500 - - Background model : 0.001 ' g g
- —— Signal B(H-» eu)=0.05% : ~ o
400f- - N
300 10 |
200 e
100 -
0 ol NP P [ | N e L E
60E™ UMM RARAN RAAAE RARAE RAREN AR RARAS RARRE RALS-
ook 4 Y Beu Ber By
. '.‘ L] | oL?
I Gt
“B0E i i e et e e ° - . _ 1 X
i A e Tyt 150 cdeado HL-LHC: Expect fac_tor 5-10 improvements from x20 larger
o [GEV] data samples + refinement of analyses
* Future e*e- facilities will be severely statistics limited:
B(H — en) <6.2 x 105 * Likely, only small improvements w.r.t. HL-LHC
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Search for other scalar particles = prt, et

LHCb analysis of 2 fb™! of 8 TeV data CMS analysis of 36 fb1 13 TeV data
* Targets forward production * Analysis strategy close to that focussed on 125-GeV particle

* Most sensitive result so far for
scalar masses below 125 GeV

[12] [13]
5 35.9 b (13 TeV) 35.9fb" (13 TeV)
_& 3] £ CMS Observed £ CMS Observed
= B £10° ut, combined — Expected -] et, combined — Expected
~ 1 1 ¢ I 68% expected + 102} I 68% expected
= ) u: [195% expected aj []95% expected
B T | T
? 1 3§ | 5
1 1-]
T 10 4 g 3
T . g’s § 10
80 ] |
Ne . | |
<) . | I
- I I
T 1= | 1 |
l N 1 i 1 " l~ ,.l ‘l‘ " | N | M 1 M 1 N - I :
25 45 65 85 105 125 145 165 185 205 | L 1 | \ | 1 L. | 1 1 |
2 I LU L L L L L1 1 11 Ll 1 LA L L L L L L1 1 11 Ll 1Ll Ll Ll 1 | LIl 1 Ll Ll L Ll 1 1l I
my, [GeV/c?] 200 300 400 500 600 700 800 n?Ho;)Gev] 200 300 400 500 600 700 800 "io?GeV]
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Top quark production and decay



CLFV in top quark productlon and decay

CMS Analysis from full Run-2 dataset [14] This column: 1 b-jet This column: >1 b-jet
Production: single top Decay: ttbar Signal region ttbar control region
CMS 138 1b" (13 TeV) 138 " (13 TeV)

P U — AL ML B B ——————————
L . oa:a m Other 1 c + Data = Other
o L 1 @ ep 1]
o 10° - 1 bijet ( _sm @ syst. — epic-Veclor x 10 O >1 b-jets [ St ®syst. — epic-Vector x 10 1
ejtu-Vector eptu-Vector
1
1

Combined (BDT) variable to discriminate signal/background -

Data/Pred
T
H
|
Data/Pred
s
:
1

0 200 400 600 800 1000 1200 1400 S0 ""200 400 600 800 1000 1200 1400
p, (leading lepton) [GeV)] p, (leading lepton) [GeV)]

+ 4 other discriminating variables

Production channel found to be most sensitive:
* Higher event yield; harder p;final state particles

) ) 2 as CMS — - 138 fb 2 (1 3 Tev) ............................. 138 fb"' (13 TeV) _ « 10° EQMS ........................ L 5?‘.’,'.‘2,'.(,‘.@1?.‘{)1
Data consistent with SM: s "98% CL excluded region o o ‘ oua
:B I- -t x 4 N -x‘o' >10‘r>1b|ets -f\)"lo
- CLFV  Obs Exp t1o : E .
Iml S v 35 ’ Vector ———  ceeeees '-gun ® syst. 10° -glal,msyst
a — opitc-Voctor x 10 ; e opitc-Vector x 10
T 3f- Scalar =———  eeeee optu-Vector 10° optu-Vector
For different CLFV couplings S35 Tensor —— - o
2 10°
Correlated B limits 155 ,
1 2 E 0 —
ﬁé el L . . g"& S A S 60,5, ) .
0 5 Q& 0B8R - oa 08 .
. \ g ® B 12
10'6|EVE| ' (b N Y T B L L LML L e g% 2! --------- + ‘g% Y I .
005 0.1 0:15..02 025 0.3 035 0.4 0-;545 ds 0uo4'"6'3'"61""6‘1"'6""o'i"6'2‘”6'3'”6‘4‘"6'5“66 fe D—ao 4-03-02-01 0 01 02 03 04 05 06
B(t— epu) x10 - BDT discriminant BDT discriminant

Mogens Dam / NBI Copenhagen Seattle Snowmass Summer Meeting 21 July, 2022 19



Summary & Outlook



Summary & Conclusion

Reminder from slide 5

| LHCRunz | HLLHC

Z bosons 8 x 109 1.7 X 1012 5 X 1012
Higgs bosons 7 X 10° 1.6 x 108 1.2 X 10°
top quarks 2.2 x 108 5 X 109 2 X108

Summary of limits/sensitivities...

Z—ep 1.7 x 10 2.6 x 107 107 10%°—10"9
Z— T 1075 5 x10° 10°° 1079
H—ep — 6 x 105 105 105
H— ¢t — 2 X103 few x 1074 1074

t = epu(c) — 0.1 (1) x10°® x 1[5 no study
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